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ABSTRACT
The feasibility of photographic speed values for positive
photoresist is evaluated. Speed is defined as the recipro
cal of exposure necessary to produce a desired response.
An outline of the microl ithog raphic process, the chemistry
of positive resist, and previous exposure models precede
the experimental body of work to facilitate understanding
of the photoresist system.
The experimental method proposes a mathematical model
describing the resist response to exposure. Photographic
speed values result from this model. They are tested for
sensitivity to process changes using Analysis of Variance.
One speed definition is chosen as a possible standard and
process control. It is based on the exposure required to
produce a resist thickness of .4 microns above the under
lying substrate.
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INTRODUCTION
The use of microlithography to delineate circuits, on the
order of the micron, is dependent on photographic resists.
Understanding the chemistry and the exposure process is of
prime importance in the manufacture of micro-electronics.
This thesis deals with evaluating and defining a photo
graphic speed for positive photoresist by testing hypothe
sized values of speed for sensitivity to changes in process
variables. An overview of the general microlithographic
process, its chemistry, physics of exposure, and previous
characterization studies are presented before the experi
mental body of work. It is hoped that in this fashion,
greater insight into the problems of standardization and
characterization can be attained.
Although this work discusses positive resist, it is appro
priate to mention the differences between negative and
positive systems.
Negative photoresist is rendered insoluble by the absobtion
of actinic radiation. Its resistance to dissolution to a
developer, a hydrocarbon solvent, depends on the cross-
linking of polymer molecules extending over the entire
exposed area . The polymerization, however, does not alter
the resist polymer to prevent an interaction with the deve
loper. Swelling can occur, causing poor dimensional stabili-
ty . This becomes a significant problem with circuit
geometries under 3 microns.
Positive photoresist undergoes no polymerization upon
exposure to actinic radiation. Instead, the exposed areas
become soluble in a mild alkaline solution. Image distor
tion is minimized since the resist does not absorb developer
3
solution to the point of losing dimensional integrity ; it
is possible to achieve exceptional resolution and edge
4
acuity with positive resist in thick coatings .
THE PHOTOLITHOGRAPHIC PROCESS
Once a design for a micro-electronic device is decided upon,
its manufacture consists of translating the design to a
semiconductor substrate, a wafer. This involves dividing
the composite drawing into several layers for processing.
Each circuit layer is reproduced on a glass plate, usually
4
in chrome . This plate, called a "mask", is used to sequen
tially transfer the circuit images to the wafer while per
forming steps such as chemical vapor deposition, evapora-
5
tion, metallization, doping, and thin film application .
The photolithographic process is defined as the transfer
of an image from the mask to a wafer through the use of
photoresist . The resist image literally becomes a stencil,
By using various acids and plasma, the pattern is etched
into the underlying substrate. This entire process con
sists of 10 basic steps, regardless of the layer involved
or the resist
7
Table 1
1 Substrate Preparation
2 Surface Preparation
3 Application of Resist
4 Curing Bake
5 Exposure
6 Development
7 Dry o. Rinse
8 Post Baking
9 Etch
10 Resist Strip
4Substrate preparation is not a photolithographic step. Sub
strates can be attained by various methods (i.e. chemical
vapor deposition and thin film application). Some of the
substrates used in industry are silicon nitride, silicon
dioxide, polycrystalline silicon, and assorted metals.
Each substrate poses a different problem for photoresist
exposure. The materials have varied reflectances and re
fractive indices generating standing wave phenomena.
Surface preparation constitutes cleaning the wafer surface
to remove any organic soils, inorganic contaminants, and
particulate matter that might interfere with the circuit
operation or prevent good adhesion of the resist. The
wafer is usually cleaned with deionized water, or a solvent
such as trichloroethylene . Then it spun-dry and the sur
face is blown with nitrogen gas. The wafer surface has an
affinity for moisture; it must be baked after cleaning
procedures to remove any excess. Recommended temperatures
for baking are 200C to 1000 C, depending on the substrate
involved. Poor resist adhesion will occur if this opera-
g
tion is not done . Before proceeding to coating, the wafer
must be allowed to cool to room temperature (20 C) .
Photoresist coating is done using spinning or whirling
methods. By varying spin velocity (2,000 rpm to 8,000 rpm)
and/or resist viscosities, numerous film thicknesses can be
obtained. The photoresist is dispensed through a syringe
filter or similar apparatus onto a static or spinning wa
fer. The wafer is then accelerated to the desired velocity
and spin time. Care must be taken to insure resist-film
uniformity. Low spin velocities may cause an edge build
up, caused by the surface tension of the resist ; whereas,
high velocities will cause thin coatings10.
Just prior to resist coating, an adhesion promoter or primer,
1 1
may be used. It has been hypothesized that primers re
move residual moisure held at an oxide layer or becomes
an interfacial bonding layer for the photoresist. Examples
of primers are hexamethyldisilizane (HMDS), trichloro-
phenysilane (TCPS), and bistrimethylsilyacetamide (BAS).
The curing bake immediately follows coating. The precise
bake time and temperature vary according to resist and pro-
12
cess but the purpose is the same : 1) remove solvent from
the resist coating to ensure repeatable exposures, 2) in
crease adhesion to the substrate to reduce undercutting and
promote chemical resistance, and 3) harden the film to
resist physical damage from handling.
The most common methods of curing are convection oven baking
and infrared oven baking. Long-wave radiant energy causes
considerable penetration through the resist layer to the
substrate, which heats and expels solvents in the layer
from the inside out. The formation of a thin barrier of
dried resist, retaining solvents, is avoided. This problem
is bypassed in a convection oven by allowing the resist film
to first air dry for 5 to 10 minutes. This allows re
tained solvents to evaporate slowly. Temperature in a con
vection oven ranges from 80 C to 120 C. Loss of photo
sensitivity will occur at high temperatures for positive
photoresist.
Exposure is accomplished using a high intensity ultra-violet
source, such as a mercury arc. An image of the mask is
projected onto the coated and cured wafer with a projection
aligner- Usually a 1:1 mask to image size is maintained.
The mercury arc source has spectral peaks; hence, it is
partially coherent (see Figure 1). This fact leads to
standing waves within the photoresist coating and conse
quential exposure problems which will be discussed later.
Development of positive photoresist can be defined as the
dissolution of exposed resist areas by an alkaline solvent,
a developer. The rate of dissolution of exposed resist is
3 13
approximately 10 times faster than unexposed resist
Increasing developer concentration, temperature, development
agitation agitation and/or time will increase dissolution
rate. Development is halted by rinsing with water.
Batch immersion and spin-spraying are two common forms of
developing. Batch immersion offers a high throughput of
wafers, but it must be monitored. The spin-spraying method
provides increased development rate as a result of in
creased agitation. It assures fresh developer per wafer.
Rinsing with water and blow drying with nitrogen or spin
drying follow development.
The postbaking step is after development. The resist attains
14
overall chemical resistance and improved surface adhesion
Temperatures range from 120C to 150 C in a convection oven.
The etching step is the actual transference of the photo
resist image into the underlying substrate. The methods
used are chemical etching and plasma etching. The latter
removes areas unprotected by resist by a reactive gas.
After etching, the resist must be removed to prepare for
further processing. This is done by acids or plasma.
1.
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FIGURE 1: THE SPECTRAL OUTPUT OF A HIGH PRESSURE
MERCURY LAMP
THE CHEMICAL MECHANISM OF POSITIVE PHOTORESIST
1 5
Positive photoresists contain four basic components :
1) sensitizer, 2) a film forming resin, 3) a solvent system,
and 4) additives.
Sensitizers are usually derivatives of diazo compounds.
Most commercially available resists use the quinone diazides.
They are made in napthalene and bezene forms, one or more
16
can be joined to a central group through an ester or amide
Figure 2 shows the napthoquinone diazide molecule. The radi-
17
cal group, R, is frequently a sulfonic acid . It is
often the coupling site of a resin such as phenol-formalde-
18
hyde novolak
Upon exposure to radiation, napthoquinone diazide under
goes a photolytic dissociation. The structure rearranges to
form a keto-carbene accompanied by the evolution of nitro-
1 Q
gen . The keto-carbene is a highly reactive intermediate
and upon formation immediately rearranges to form the more
stable ketene. This ketene is very hygroscopic and reacts
with water, present in the resist, to form an
indene-
20
carboxylic acid, the desired end product . The carboxylic
acid molecule is soluble in a basic developer solution,
while the unexposed napthoquinone diazide is base insoluble
21
except in strongly alkaline solutions . The reaction is
illustrated in Figure 3.
FIGURE 2: NAPHTHOQUINONE
DIAZIDE
LIGHT
"f N,
FIGURE 3: THE PHOTOLYTIC REACTION OF
THE SENSITIZER
10
Since the solubility of the resin remains unchanged with
22
exposure to actinic radiation , the sensitizer-resin
system solubility is dependent on the choice and radiation
sensitivity of the sensitizer. Figure 4 shows a spectral
response curve of a napthoquinone diazide sensitizer and a
po
phenol-forrnaldehyde resin resist system . It should be
noted that absorbance from 450nm to the longer wavelengths
is virtually non-existant .
A possible side reaction during exposure is that of a
keto-carbene with a ketene. The product is a dioxole,
which is more resistant to dissolution by an alkali than
carboxylic acid. Fortunately, this does not happen to any
great extent. The keto-carbene is short-lived and in a
24
dried resist coa.ting molecular movement is restricted
Another side effect is the formation of an azo dye by the
reaction of the unexposed diazide with indenecarboxyl ic
acid which takes place in the basic developer solution
(Figure 5). This reaction causes a film formation, com
monly referred to as "scum", in exposed areas when the
resist is underexposed and development time is not in-
creased . When exposure is properly monitored this effect
can be minimized.
Diazide sensitizers will decompose upon exposure to heat.
Low molecular weight sensitizers start to decompose at
150C26. Since curing the resist coat is an integral part
of the microlithographic process, thermal properties of
positive photoresist are of prime importance. Safe temper-
tures range from 80C to 120 C. Higher temperatures tend
27
to harden resist and prevent clean developing
11
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As stated before, the radical group is usually a sulfonic
acid group. It determines the overall properties of the
resist such as solubility to various solvents, film forming
ability, crystallization tendencies, and ease of
development28
In general, resins are not photosensitive. They must be as
hydrophobic as possible but still developable in alkaline
29
solutions . Resins serve to improve adhesion to a sub
strate, fortify the coating for chemical resistance, reduce
the tendency for the sensitizer to crystallize, and in
crease viscosity for thicker coatings.
The coupling of a phenol-formaldehyde novolak resin is
shown in Figure 6. This resin is adherent to most metal
surfaces and is a good film forming agent while being
soluble in an alkaline solution. Positive resist compo
sitions can also contain combinations of supplementary
resins such as rnelamine resin and/or an acrylate based
copolymer to reduce brittleness and striations, and in-
crease adhesion
The length of the novolak resin chain has a large effect
on development. If it is short, development times will be
short, and have little latitude. If too long, development
time has to be extended. Idealy molecular weight is such
that development time and concentrations are of reasonable
31
proportions
The amount of resin, in a resist, is dependent on the quanti
ty of sensitizer that can be safely maintained in solvent
solution; therefore, the choice of solvent is crucial to
resist performance. The best solvents are least volatile,
13
CH,
FIGURE 6: THE COUPLING OF THE SENSITIZER
AND RESIN
allowing for the settling of the resist coating before
evaporation solidifies the film. Usually combinations
are used. An example of a solvent is ethylene glycol
32
monomethyl
14
Additives to positive photoresist improve performance and
stability of the system. Stabilizers, reducing agents or
antioxidants, can be thiorea, sugar, and various organic
acids.
alter exposure
Also, blue or red oil soluble dyes are added to
33
15
POSITIVE PHOTORESIST REACTION TO EXPOSURE
Positive photoresist exposure has been shown to follow the
.34
Bunsen-Roscoe law :
H = E x T Equation 1
H, total exposure, is defined as the product of irradiance
(radiation flux incident on a plane), E, and the time
of exposure, T. The range of the compliancy has benn tested
2 2
and has been found to be from .08 mW/cm to 415 mW/cm for
404.7 nm radiation.
The wavelength dependence of resist exposure has been de-
36
monstrated by D.
Novotny"
using an experimental verifica-
37
tion of Van Krevald's additivity law . The law may be
stated as:
" the total exposure is the sum of the frac
tional contributions of the exposure at all individual
38
wavelengths"
. The sum of the fractional exposures
can be equated to unity. Van Krevald's law is then
written as:
E ( X ) x T . ._ ..
,y
= 1 Equation 2
rl \/\)
C
E(X) is the irradiance as a function of wavelength, \, and
T is the exposure time. Hc(X) is the complete exposure
applied over the respective wavelengths.
16
Novotny defined the complete exposure as the total radiant
energy per unit area, realative to a wavelength band, that
photolyzed the photoresist to produce a well defined image
In more definitive terms, the following relationship was
assumed :
39
log Hc(N) log Hq(X) + k(\) D Equation
HQ(/\) is a threshold energy or the exposure necessary to
expose a hypothetical resist film of zero thickness. k(X)
represents the proportionality between film thickness and
the logarithm of complete exposure, and D is spun-on thick
ness.
Combining Equation 1 and 2 leads to:
rIT\ E(X) 10
-k(X) D
Ho(X)
Equation 4
This relationship shows the exposure variation, as a func
tion of wavelength and the resist thickness. The validity
of this equation was based on an intensive positive photo
resist characterization by Hornberger, Dill, and associates
40
Neglecting, for the moment, the effects of standing wave
patterns generated by reflection from the resist-substrate
41
interface, the Lambert-Beer law was used by Hornberger,
et al., to explain photoresist response to exposure. Briefly,
the law is described by the equation:
_I_
I
= e-(Klc) Equation 5
17
IQ is the intensity at the inside front surface of the
resist film (watts/cm ). I is the intensity at any depth
in the film. K is the absorbtion coefficient. 1 is the
path length, and c is the molar concentration of the ab
sorbing species. Equation 5 is expanded to separate
the absorbtion differences between the resin and the sensi
tizer :
____
i
= exp -(AM + BN)1 Equation 6
A is the molar absorbtion coefficient of the sensitizer,
and B is the molar absorbtion coefficient of the base resin,
M is the molar concentration of the sensitizer, and N
is the molar concentration of the base resin.
Since the Lambert-Beer law applies when exposure time is
zero, when M and N are independent of position within the
I 42
film, the relationship between = and M was reexamined
The final equation is written as:
CO
I(x,T) = exp -(A / M(n,T)dn + Bx) Equation 7
I(x,T) is the ratio of the irradiance at depth x and time T,
in the resist, to the irradiance at the resist surface. n
is an integration variable.
The integral M(n,T)dn = M(x,T), which is a function of
exposure energy, was solved considering the time variation
of the sensitizer concentration and its reaction rate.
M(x,T) = exp-(C I I(x,n)dn) Equation 8
0
13
C is equal to qEQ, where q is the photolysis reaction rate
constant related to the quantum yield, snd E is the ir-'
o
radiance at the resist film surface.
Hornberger and Dill43 solved M(x,T) and I(x,T) for a wave
length of 405 nm using numerical methods. The paraneters
A, B, C were used to classify resists. Figure 7 is the
plot of M(x,T) as a function of resist thickness (x) for
T between 0 and 29 seconds (constant development maintained)
Figure 8 is the plot of I(x,T) as a function of exposure
time (T) for resist thicknesses from 0 to 2 microns. The
greater the value of M(x,T), the greater quantity of sensi
tizer present; hence, the greater the insolubility of the
resist. At some value of M(x,T) = M , the exposure is
44. c
termed as critical '. Complete exposure is reached, ihis
occurs when a critical sensitizer concentration exists in an
inf initesima.l resist layer located e.t a value (x) equal to
the extreme resist depth. It is the point at which the re
sist is exposed sufficiently to develop almost completely
from the substrate. M can be calculated from Figure 8.
c
a
The resist coat during this study was 2 microns thick.
A horizontal line can be extended across the graph. The
points where the line crosses the constant exposure curves
is the critical exposure for that film.
Hornberger and Dill characterize the development response
of the resist by utilizing real time measurement of the
resist thickness during development. They were able to ob
tain the development rate of the resist at every point in
depth and in time. Using this rate and their aforementioned
work on sensitizer concentration, a characteristic rate (R)
with respect to concentration (M) was obtained (Figure 9).
19
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A least squares fit shows the quadratic relationship
R = exp (E + EM + EM) Equa.tion 9
E . , E and E are calculated coefficients dependent on the
resist.
Photoresist exposure and subsequent chemical reactions were
a.5
characterized by D. Meyerhoffer using a slightly different
approach than the Hornberger study. Meyerhoffer used solu-
ability and net development rate to model exposure rather
than using sensitizer concentration. He defined a net de
velopment rate (Ag) as the difference between exposed(g) and
unexposed (g ) resist. A linear relationship was attained
by plotting log g versus log H, except at higher exposures
where all the sensitizer molecules were exposed ( defined
asAgco). An expression for the system was derived:
(&g)
-1 (- H ,rn
H
'1
+ <A9m)
1
Equation 10
H is the exposure at the resist surface. H is the exposure
required to produce a net development rate equal to g .
Figure 10 exhibits this equation.
Meyerhoffer found that regardless of actual resist composi-
ion, the increase due to a certain exposure is proportion
al to the density of the sensitizer molecules that are
reacting. In a mathematical expression:
-20
gs?g^ exp (2 x 10 n ) Equation 11
n is the concentration of exposed sensitizer molecules per
e
21
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cubic centimeter. At low exposures, this equation is in
46
agreement to Hornberger and Dill . It falls apart at
high exposures.
So far, the modelling studies have not taken into account
variation due to substrate characteristics. In a comple-
47
men-cary paper Dill, Tuttle, and Neureuther apply the
exposure parameters A, B, and C and the development rate
relationship to a realistic model, taking into consideration
the optical problems associated with thin film substrates.
Exposure is calculated knowing the optical constants of the
substrate and all underlying dielectric layers. The result
is a predictive model for positive photoresist.
Thickness variations of the exposed and developed photo
resist are due partially to the reflectivity of the substrate,
Figure 11 illustrates the step-wise variation which is a
direct result of reflections at an interface between two
regions of different indices of refraction. This will cause
A8
a standing wave pattern within the resist
coating'
. The
49
periodicity of the interference effects are of the form :
2n Equation 12
n is the refractive index, and X is wavelength. The
interference results in maxima and minima intensity. Figure
12 shows an example of standing wave patterns interferring
in resist. Reduction in substrate reflectivity produces
_ _. _.
50
a decrease in intensity extremes or minima
23
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Standing waves at a photoresist-SiO interface are reduced
since the refractive indices are approximately equal. By
calculating the reflection coefficient , the extent of
reflected light can be analyzed:
R = nl
n1 + n2
Equa_tion 13
At a wavelength of 405 nm, R for positive photoresist and
a Si interface is approximately .3, while for a resist and
SiO interface, R is approximately 0.
Methods to minimize standing wave phenomena are numerous,
but the most convenient is to use shorter exposure times
and compensate with concentrated developer. Since the
developer will dissolve some unexposed resist, a concen
trated developer will remove minima nodes when imaging
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resist lines . Figure 13 is an example of this.
The reaction of positive photoresist to radiation is de
pendent on: exposing wavelength, substrate characteristics,
the chemical composition of the resist, and the coating
procedures. Characterization and modelling result from
measuring the resist responses such as developed thickness,
rate of dissolution, and the proportionality between de
velopment rate and sensitizer concentration. One method of
process characterization is the measurement of linewidths.
Dimensional accuracy of a circuit is the result of the
deliniation of line geometries in photoresist
53
By establishing and measuring the width of a line on a mask,
the deviation of the resist image, after exposure, can be
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plotted against process variables. Optimally, no deviation
is desired. If the variance of the process variable
concerned is known, control limits can be calculated with
the response being resist linewidth deviation from the mask.
This characterization method, although essential, can suffer
from increasing error due to linewidth measurements as
the dimensional size decreases.
An ideal modelling of the photoresist reaction might be
to incorporate numerous responses using multivariate
statistical techniques. Responses such as linewidth
deviation, sensitizer concentration, development rate,
and solubility rate are all correlated. Univariate
analysis to each measurement should not be applied
54
independently of others
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REASON FOR PHOTORESIST STANDARDS
There are no standards for the manufacture of positive
photoresists. Each resist, when received by a user, must
be characterized as to exposure and development response.
The only specifications given are the viscosity and/or the
solids content. "Spec sheets" contain graphs, but these
are relative to the equipment used. Standards would offer
a unification of resist responses, allow comparisons of
other products, and enable process optimizations.
A basis for stansard values can be found using sensitometric
techniques. Sensitometry refers to the measurement of the
55
sensitivity of the photographic material to radiation
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In 1890, Hutter and Driffield , described the response of
photographic materials in terms of a plot of optical density
of the developed image as a function of the loga.rithm of
exposure. The optical density in photoresist is equivalent
to the resist thickness.
Common photographic standards are speed and contrast.
Speed is defined as being inversely proportional to the
57
exposure required to produce some desired
response'
.
In resist, this might be a unique thickness or the width
of an imaged line. Contrast is the change in thickness or
linewidth corresponding to a change in the logarithn of
exposure (H). Equation 14 expresses speed:
S = 1
Equation 14
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H is the exposure at a desired response,
r
In a production process, control can be maintained using
parameters such as speed and contrast. These measurements
are simple to obtain through graphical techniques.
29
EXPERIMENTAL PURPOSE
The objectives of this thesis were to define unique photo
graphic speed values for positive photoresist, test the
speed values for sensitivity to process variation, and
comment on the feasibility of one value as a standard or
process control.
A mathematical model was postulated describing the exposure
response of the resist. Calculation of a speed value was
facilitated by using this model.
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EXPERIMENTAL METHOD
Three procedures were followed to define photographic
speed parameters: 1) modelling the response, 2) attaining
a speed parameter, and 3) determining the feasibility of
that speed parameter as a process control.
Modelling required the specification of resist responses
and their mathematical relationship to the exposure or the
logarithm of exposure. The desired resist responses were
the developed resist thickness after exposure and the
linewidth deviation from the mask. Graphical methods and
least squares regression were used to determine the ap
proximate physica.l relationship.
Once a model had been obtained, speed points were chosen.
The sensitivity of those speed points were tested by measur
ing the effect of process variables such as : the initial
photoresist thickness, curing time and temperature, ex
posure, developer time, developer temperature and concen
tration, and substrate reflectivity.
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EXPERIMENTAL PROCEDURE
The exposure was modula.ted by Opto-Line inconel alloy on
glass (soda-lime) step wedge. Densities were incremented
in fifteen steps. Table 2 lists the step, corresponding per
cent transmittance, and optical density for a 550 nm + 20 nm
wavelength .
STEP % TRANSMITTANCE DENSITY
1 1 . 00 2 . 00
2 4.50 1.3 5
3 9.00 1.05
4 1 1 . 00 .96
5 13.00 .39
6 14.50 .34
7 16.00 .80
8 18.50 .73
9 20.00 .70
10 22.50 .65
11 27.50 .56
12 32.00 .49
13 37.00 .43
14 48.00 .32
15 61.50 .21
Within and above each step was a U.S. Airforce resolution
target with line-space pairs from 10 lp/mm to 500 lp/mrn.
The target within each step had space density equal to that
step and clear bars. The
targets above each step had a bar
density equal to the corresponding step and a clear back
ground. One unique bar in the upper set of targets was
chosen to be compared to its resist image. The size was
approximately 9.5 microns. This particular width was above
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the projection aligner's resolution minimum58, yet is
still used in industry. The linewidth of this bar was
measured in every target using a. Vickers double shearing
microscope.
100 production quality 4inch bare silicon wafers were ob
tained. SiO was thermally grown on them to a thickness
of 1.19 microns + .012 microns (99% confidence limits).
This provided for a good surface for resist adhesion a.nd
partially simulated production conditions.
Before being preba.ked, the wa.fers were cleaned in a GCA
Wafertrac spin clean, scrubbing, and dry system. They
were then preba.ked at 180 C + 1 C for 30 minutes in a
Precision convection oven and allowed to cool to room
temperature (20 C)
Coating was done in a GCA Wafertra.c system. By program
ming the controlling micro-computer, the desired resist
dispensing sequence was attained. All wa.fers received a
nitrogen blow off for 15 seconds at 1000rpm (revolutions
per minute). This removed any particulate on the wafer
surface. Immediately following, 3 ml. of resist were
dispensed on a static wafer, which was then accelerated
a.t 25,000 rpmm to the desired velocity. The wafer continued
at this velocity for twenty-five (25) seconds.
Curing was also done in a Precision convection oven. The
time and temperature were varied according to each experi
ment. All wafers were allowed to cool for one hour before
exposure. Resist exposure used the Perkin-Elmer 140
Microalgn Projection system. The light source was a high
pressure mercury lamp. All optics were reflective; color
aberrations were nonexistant.
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The alignment system used a scanning mechanism to control
exposure time. Irradiance eas controlled by imaging the
mercury lamp on a slit and relaying this to the mask (the
step wedge) through an aperture stop. Each aperture results
in a different output cone angle. Table 3 lists the aper-
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ture number, aperture diameter, and f/No. .
Table 3
APERTURE NO. APERTURE DIAMETER (Inches) CONDENSER f/No.
1 1. 16 3.5
2 0.96 4.2
3 0.69 5.8
4 0. 50 8.1
The development method was batch immersion with continuous
up and down agitation (not enough to create air bubbles).
The temperatures of the solutions were maintained at
o o
21.5 C + .5 C. Dilutions and time of development were
adjusted accordingly. After development, the wafers were
quenched in nitrogen bubbled deionized water for 10 seconds,
then rinsed in another water bath for 5 minutes. The
wafers were spun dried in a Precision spin drier. Post
baking was done in a Precision convection oven for 25
minutes at 140C + 1C.
At this point in the process, the resist pattern determined
the areas to be etched. Procedures such as substrate etch
ing would have induced variability not associated with
resist exposure; this was not attempted.
After the data had been collected, the resist pattern was
stripped from the wafer using reactive plasma.
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MEASUREMENT EQUIPMENT
Linewidth measurement of the resist image was made on a
Vickers double shearing microscope at 400x . The accuracy
obtained was + .15 microns. At linewidths of 9.5 microns
this was approximately a 2% margin of error. Photoresist
and SiO thickness was measured with the Nanospec/AFT micro
Area Film Thickness Gauge using a 10x objective. The size
of the area measured was .035 mm. The accuracy of the instru
ment was 2% of the displaced value.
The irradiance of the light source was measured with an
Optica.1 Associates Model 316 PMA Exposure Meter. It was
fitted with a UV-365B probe. The spectral sensitivity is
shown in Appendix A . The measurement of irradiance
at each wavelength would have been the optimal method.
Instuments were not available at the time of the experiments
to achieve this. Exposures, therefore, were approximate
and only represent the rela.tive photoresist sensitivity.
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DEFINITION OF EXPERIMENTS
Six experiments were performed. Resist thickness was
measured after curing and after postbaking. Alternate
steps on the wedge were used. A measurement of unexposed
resist thickness was taken on an area of the wafer cor
responding to an opa.que section of the mask. Linewidth
measurements, in the same alternate steps, were taken of
one line in the resolution tagets.
Although spun-on thickness was known, the wafers were
classified as to which spin velocity was used. It was
virtually impossible to spin the exact thickness for any
two wafers. The variation within a spin velocity followed
a random distribution. Measurement of resist thickness
after curing showed that the variation ranged from
2% to 4% of the mean thickness. Appendix B gives the
mean resist thickness before exposure, standard deviation,
and sample size for each spin velocity, curing time and
temperature in every experiment. By using spin velocity
as the variable, the experimental design was simplified.
Due to limitations of time and expenses it was not possible
to do complete, randomized experiments. Duplicates, treated
as replicates, obtained estimates of error. This under
estimated error; any significant interaction effects found
might have been due to error.
Table 4 lists the experiments and the independent variables
tested. The experiments were of a factorial design. The
maximum level of any factor was three. The response de
sired in experiments 2 through 5 was photographic speed.
Neither thickness nor linewidth was used directly to analyze
the effect of factors on photographic speed. Experiment 1
defined three possible values of speed and proposed a
mathematical model.
Table 4
EXPERIMENT TITLE/FACTORS
1 Exposure Modelling:
Spin Velocity and
Log Exposure
2 Effect of Spin Velocity,
and Curing Temperature
3 Effect of Spin Velocity,
Developer Dilution, and
Development Time
4 Effect of Spin Velocity,
Development Time, and
Curing Temperature
5 Effect of Curing Time
and Temperature
6 Exposure Modelling of
Polychrome Resist
The positive photoresist used in experiments 1 through 5
was Shipley AZ-1370. The developer was Shipley AZ-351.
The manufacturers recommended development dilution was
3 5-1 (water : developer) with deionized water at a temperature
of 21.5C * 1C. Development time was 60 seconds. Unless
indicated, this development standard was used.
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Also, unless stated, the standard curing procedure was
a 100 C bake for 30 minutes.
Experiment 1 used two levels of spin velocity, 3000 rpm
and 4000 rpm. 8 replicates were spun at each velocity
allowing for well defined confidence limits to be computed,
A measured gate exposure (without the step wedge) of
2
150 mJ/cm (millijoules per centimeter squared) was used.
Experiment 6 used Poychrome PL129 positive photoresist with
Polychrome D900 undiluted developer at 21.5 C for 60
seconds. The spin velocity was 4000 rpm. The gate
2
exposure was 105 mJ/cm .
Experiment 2 tested for the effect of two levels of spin
and three levels of curing temperature with three replicates.
The levels of curing temperature were 80 C, 100 C, and
120C. The spin velocities were 4000 rpm and 6000 rpm.
2
The gate exposure was 168 mJ/cm .
Experiment 3 tested for the effect of three levels of
development time, two levels of developer dilution, and
two levels of spin velocity with two replicates. The
development times were 30 seconds, 60 seconds, and 120
seconds. The dilutions were 3.5:1 and 4:1. The spin
velocities were 3000 rpm and 4000 rpm. The gate exposure
2
was 174 mJ/cm .
Experiment 4 combined experiment 2 and 3 by testing for
the effect of two levels of development time, three levels
of curing temperature, and three levels of spin with
three replicates. The levels of development time were
55 seconds and 65 seconds. The curing temperature were
90C, 100C, and 110C. The spin velocities were 3000 rpm,
3500 rpm, and 4000rpm. The gate exposure was 104 mJ/cm2.
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EXPERIMENTAL ANALYSIS
Experimental analysis was based on plotting the data. The
logarithm of exposure was used as the ordinate while the
developed resist thickness after exposure was the abscissa.
The linewidth deviation from the mask (of the 9.5 micron
line) was also plotted. The intersection of the line-
width deviation and log exposure (H) resulted in a value,
log H , where the resist image and the mask line are of
equal dimensions.
Experiment 1 examined the response of AZ-1370 positive
photoresist to log H. The results are shown in Appendix
C with 95% confidence limits. No physical relationship
was assumed; therefore, the curve was not drawn as con
tinuous. The plot was found to contain a linear portion.
The log H necessary to dissolve half the thickness of
the unexposed resist was the approximate beginning point
of the line. From this value to the substrate (thickness
equal to zero), a first order linear equation was applied:
y1 = bQ + b1 (log H) Equation 15
v was the developed resist thickness. It was observedJ1
that b.. might be used as a measure of contrast. Any
point along the line would serve as a speed point.
Since spun-on thickness was a major factor, the use of
unexposed resist thickness as a modelling coefficient was
evident. Graphically, a line y2 = cq was combined with
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c was the unexposed resist thickness.Equation 15,
This combination required the use of a delta function,
defined below:
1, log H >log H
0, log H< log H
Log H is the intersection of the two lines. It can be as:
log H =a
o
b - c
o o
Equation 16
The complete exposure model was written as:
y = cq(1 -6) + (bQ + b.jUog H))6 Equation 17
Figure 14 shows a hypothetical log H versus developed
resist thickness after exposure cur?e with the applied
model. Log H is the value where the photoresist is com
pletely developed from the substrate.
Three speed definitions were used in the experimental analy
sis. The first was the reciprocal of exposure necessary
to attain a resist thickness at the midpoint of log H and
log H . . This was expressed by:
1 1
Speed, S, H
"
(H H.)
a. o 1
Vz Equation 18
The second speed value was the reciprocal of exposure
necessary to develop the resist to a thickness of .4 microns
above the substrate (Equation 19). This speed definition
represented an arbitrary point on the linear portion of the
curve.
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-i
Speed, Sb = -p- Equation 19
b
The third definition of resist speed was the reciprocal
of exposure necessary to produce a zero linewidth devia
tion from the mask dimension (Equation 20). This exposure
was not incorporated directly into the mathematical model,
but the resultant speed value was tested for feasibility.
Figure 15 shows hypothetical data points and the inter
polated log H .
1
Speed, Sc H Equation 20
c
The Polychrome resist, studied in experiment 6, followed the
theoretical model (Equation 17). Appendix D is the graph
of the response. This is partial evidence to assume all
positive photoresists behave in a similar manner.
Appendix E gives plots of log H versus average developed
thickness after exposure for experiments 2, 3, and 5.
Experiment 4 was omitted because it was a repeat of experi
ment 3 with tighter constraints.
Three sets of speed values were calculated for experiments
2 through 5, except for experiment 2 where no linewidth
data was available. An Analysis of Variance (ANOVA)
was performed for each set. Appendix F gives the results.
The interactions were pooled into the error estimate.
43
HYPOTHETICAL DATA POINT
FIGURE 15: LINEWIDTH DEVIATION FROM THE MASK AS A
FUNCTION OF LOG H
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Appendix G illustrates the movement of the speed value
based on Hb in experiments 2, 3, and 5. These graphs
exemplify the effect of process variables on photographic
resist speed.
Tables 5, 6, 7, and 3 list the standard deviation of the
error measurement and the percentage of variance due to
6 2
each variable involved (based on Components of Variance ) ,
All factors were treated as random variables. Conclusions
were restricted to the range of levels within each experi
ment.
It was evident that the speed value, S, , explained the
process variables with the least error. In comparing S
a
to S, , the latter ha.d the lower standard deviation of error
in the experiments. It was concluded that the speed value
taken at .4 microns above the substra.te had a higher ex
perimental accuracy. The percent variance caused by error
was also lowest with S, (except in experiment 3).
The value of S was based on the exposed thickness (explained
a
by y^ ) and the unexposed thickness (explained by y). S, ,
however, was only based on the exposed thickness. The
speed value, S , utilized the values of y. and y in
doing so combined the variances. Since S, used the exposure
when v = -4 microns, the variance of S, must have been^ S D
less than S . The analysis of the data demonstrated this.
a
S . the speed value from linewidth deviation, was not as
c'
consistant in explaining the variance of process variables
as its counterparts. Its standard deviation of error was
lowest, which indicates that the data was accurate. The
problem encountered with this value was that zero linewidth
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s
a Sb
0077 .0059
43.7 67.1
41.3 24.3
15.0 8.6
Table 5
COMPONENTS OF VARIANCE FOR EXPERIMENT 2
STANDARD DEVIATION OF ERROR
% VARIANCE EXPLAINED BY
SPIN VELOCITY
% VARIANCE EXPLAINED BY
CURING TEMPERATURE
% VARIANCE DUE TO ERROR
AND INTERACTION EFFECTS
Table 6
COMPONENTS OF VARIANCE FOR EXPERIMENT 3
STANDARD DEVIATION OF ERROR
% VARIANCE EXPLAINED BY
SPIN VELOCITY
% VARIANCE EXPLAINED BY
DEVELOPER DILUTION
% VARIANCE EXPLAINED BY
DEVELOPMENT TIME
% VARIANCE DUE TO ERROR
AND INTERACTION EFFECTS
S
c
s
a b
S
c
. 0073 .0071 .0037
11.0 18.0 70.0
17.0 15.0 0.0
70.0 57.0 3.5
2.0 10.0 26.5
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s
a b
S
c
0054 .0046 .0037
52.5 70.0 37.1
35.9 23.0 0.0
6.3 4.0 0.0
5.3 3.0 62.9
Table 7
COMPONENTS OF VARIANCE FOR EXPERIMENT 4
STANDARD DEVIATION OF ERROR
% VARIANCE EXPLAINED BY
SPIN VELOCITY
% VARIANCE EXPLAINED BY
DEVELOPMENT TIME
% VARIANCE EXPLAINED BY
CURING TEMPERATURE
% VARIANCE DUE TO ERROR
AND INTERACTION
Table 8
COMPONENTS OF VARIANCE FOR EXPERIMENT 5
S S, S
a b c
STANDARD DEVIATION OF ERROR .0066 .0066 .0020
% VARIANCE EXPLAINED BY
CURING TEMPERATURE 11.0 7.0 50.0
% VARIANCE EXPLAINED BY
CURING TIME 39.0 92.0 48.0
% VARIANCE DUE TO ERROR
AND INTERACTION 50.0 1.0 2.0
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occured at an exposure greater than the range of the step
wedge. As a result, many points had to be extrapolated.
This method severely underestimated error from replicates.
The high percentage of variance due to error in experiment
3 showed this. Any decision to be made on the feasibility
of S as a speed parameter was complicated by this fact.
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CONCLUSION
A photographic speed definition for positive resist is
feasible. Sensitivity to process variables was shown
by using three speed values. The preferred definition
was the reciprocal of exposure necessary to produce a
developed resist thickness of .4 microns.
The modelling of the photoresist response was simplified
by a combination of two first order linea.r equations. This
lent itself to the measurement of photographic speed.
Further work must be done correlating linewidth response
and the developed resist thickness after exposure. Possibly,
multivariate ANOVA could expla.in photographic speed by
using bivariate responses.
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APPENDIX B
Table 9
RESIST THICKNESS BEFORE EXPOSURE - EXPERIMENT 1
Spin Velocity (rpm) 4000 3000
Mean Thickness (microns) 1.06 1.32
Standard Deviation .015 .033
Sample Size 8 8
Table 10
RESIST THICKNESS BEFORE EXPOSURE - EXPERIMENT 2
o.Cure Temperature ( C)
Spin Velocity
Mean Thickness
Standard Deviation
Sample Size
80 100 120
6000 4000 6000 4000 6000 4000
.86 1.20 .91 1.19 .89 1.18
.015 .008 .008 .03 2 .007 .007
3 3 3 3 3 3
Table 11
RESIST THICKNESS BEFORE EXPOSURE - EXPERIMENT 3
Spin Velocity 4000 3000
Mean Thickness "1.36 1.55
Standard Deviation .040 .023
Sample Size 12 12
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Table 12
RESIST THICKNESS BEFORE EXPOSURE - EXPERIMENT 4
Spin Velocity
Cure Temp.
Mean Thick.
Standard
Deviation
Sa.mple Size
3000 3 500 4000
90 100 110 90 100 110 90 100 110
1 .58 1.55 1.54 1.51 1.46 1.47 1.34 1.33 1 .34
.012 .026 .037 .012 .023 .01P7.009 .012 .034
6 6 6 6 6 6 j 6 6 6
Table 13
RESIST THICKNESS BEFORE EXPOSURE - EXPERIMENT 5
Cure Temp.
<
Cure Time (minutes) 10
Mean Thickness
Standard Deviation
Sample Size
Spin Velocity: 4000
90
20 30
1 .30 1 .31 1.32
.021 .014 .020
100
10 20 50
1.32 1.30 1.27
.007 .012 .007
3 3 3
Table 14
RESIST THICKNESS BEFORE EXPOSURE -EXPERIMENT 6
Spin Velocity
Mean Thickness
Standard Deviation
Sample Size
4000
1.46
.015
4
60
APPENDIX C
61
CO
o
o_
o.
H
LU
Q_
CO
o
Sc.8
LU
o_
LU
I-
LL
<
CO .6
LU
b
H
X
I-
h-
co .4
H
CO
LU
Q_
Q
LU
D.
o
H- 2
LU
>
LU
Q
APPENDIX C
3000 rpm Spin
A 4000 rpm Spin
ALL DATA POINTS HAVE 95%
CONFIDENCE LIMITS
RELATIVE LOG H (mJ7cm )
FIGURF 17: LOG H VERSUS DEVELOPED RESIST THICKNESS FOR
EXPERIMENT 1
62
APPENDIX D
63
1 .2
1.0
.3
o
cc
o
CO
co 6
UJ
u
-z.
o
H
X
CO
H '
CO
LU
tr
Q
UJ
D.
O
_l
LU '
>
LU
Q
4
APPENDIX D
ALL DATA POINTS HAVE 95%
CONFIDENCE LIMITS
0 .4 .8
RELATIVE LOG H (mJ/cm )
1.2
FIGURE 18: RESPONSE OF POLYCROME PHOTORESIST
64
APPENDIX E
65
APPENDIX E
CO
z.
o
o
H
CO
CO
LU
Z
_<_
O
H
X
h-
h-
co
H
co
LU
q
LU
Q.
o
_l
UJ
>
LU
Q
LU
CD
<
LU
>
<
4
80 C Cure Temperature
A 100C
120C
95% CONFIDENCE LIMITS ARE
APPROXIMATELY + .06 MICRONS
.5 .9
RELATIVE LOG H (mJ/cm2)
1.7
FIGURE 19: AVERAGE DEVELOPED THICKNESS RESPONSE FOR
EXPERIMENT 2 (SPIN VELOCITY 4000 RPM)
66
col
z
o
Q_
o
H
co. 8
CO
LU
z
i_-
o
H
X
h-
H
<S)
LU
Q_
Q
UJ
Q.
o 4
LU
>
LU
Q
LU
a
<
[__
LU
>
<
KEY
0 80~C Cure Temperature
A 100C Cure Temperature
# 1 20C Cure Temperature
95% CONFIDENCE LIMITS ARE
APPROXIMATELY + .06 MICRONS
.5 .9 1.3
RELATIVE LOG H (mJ/cm )
FIGURE 20: AVERAGE DEVELOPED THICKNESS RESPONSE FOR
EXPERIMENT 2 (SPIN VELOCITY 6000 RPM)
67
9 5% CONFIDENCE
APPROXIMATELY
LIMITS ARE
+ .07 MICRONS
FIGURE 21:
RELATIVE LOG H (mJ/cm )
AVERAGE DEVELOPED THICKNESS RESPONSE FOR
EXPERIMENT 3 (DEVELOPER DILUTION 3.5:1)
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FIGURE 22
RELATIVE LOG H (mJ/crrr)
AVERAGE DEVELOPED THICKNESS RESPONSE FOR
EXPERIMENT 3 (DEVELOPER DILUTION 4:1)
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FIGURE 23' AVERAGE DEVELOPED THICKNESS RESPONSE FOR
EXPERIMENT 5 (90C CURING TEMPERATURE)
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FIGURE 24: AVERAGE DEVELOPED THICKNESS RESPONSE FOR
EXPERIMENT 5 (100 C CURING TEMPERATURE)
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Table 15
ANALYSIS OF VARIANCE FOR EXPERIMENT 2 SPEED VALUES
ANOVA - S
a
SUMS OF DEGREES OF MEAN
SOURCE SQUARES FREEDOM SQUARED F VALUE
Spin Velocity .00157 1 .00157 26.6
Cure Temperature . 00203 2 .00102 17.3
Error . 00083 14 .00006
Total . 00443 17
ANOVA - Sub
SOURCE
Spin Velocity
Cure Temperature
Error
Total
00250 1 .002 50 71 .4
00126 2 .00063 18.0
00049 14 .00004
00425 17
Table 16
ANALYSIS OF VARIANCE FOR EXPERIMENT 3 SPEED VALUES
ANOVA - S
a
SUMS OF DEGREES OF MEAN
SQUARES FREEDOM SQUARED F VALUE
SOURCE
Developer
Dilution .00159 1 .00159 30.0
Spin Velocity .00105 1 .00105 19.8
Development Time .00838 2 .00419 79.0
Error .00112 19 .00005
Total .01214 23
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ANOVA - S
Table 16 (continued!
SUMS OF DEGREES OF MEAN
SOURCE
SQUARES FREEDOM SQUARED F VALUE
Developer
D ilution
.00099 1 .00099 19.8
Spin Veloci ty .00115 1 .00115 23.0
Development Time . 0048 9 2 .00244 48.8
Error .00104 19 .00005
Total . 00808 23
ANOVA - S
SOURCE
Developer
Dilution .00001 1 . 00001 1
Spin Velocity .00022 1 .00022 22
Development Time .00002 2 .00001 -j
Error . 00008 11 .00001
Total .00037 15
Table 17
ANALYSIS OF VARIANCE FOR EXPERIMENT 4 SPEED VALUES
ANOVA - S
SUMS OF DEGREES OF MEAN
SQUARES FREEDOM SQUARED F VALUE
SOURCE
Spin Velocity . 00243 2 .00122 40.0
Development Time .00115 1 .00115 38.0
Cure Temperature .0003 2 2 .00016 5.3
Error .00140 48 . 00003
Total .00539 53
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Table 17 (continued)
ANOVA - S
b
SUMS OF DEGREES OF MEAN
SQUARES FREEDOM SQUARED F VALUE
SOURCE
Spin Velocity . 0041 5 2 .00207 103. 5
Development Time .00110 1 .00110 55.0
Cure Temperature . 00030 2 .00016 8.0
Error .00103 48 . 00002
Total .00059 53
ANOVA.
SOURCE
Spin Velocity .00031 2 .00016 12.3
Development Time 0 1 0 0
Cure Temperature .00001 2 - 0
Error .00066 48 .00001
Total .00122
Table 18
ANALYSIS OF VARIANCE FOR EXPERIMENT 5 SPEED VALUES
ANOVA - S_
SUMS OF DEGREES OF MEAN
SQUARES FREEDOM SQUARED F VALUE
SOURCE
Cure Tempera ture .00013 1 .00013 3.25
Cure Time . 00048 2
.00024 6.0
Error .00060 14 .
00004
Total .00122 17
ANOVA
Table 18 (continued)
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SUMS OF DEGREES OF MEAN
SQUARES FREEDOM SQUARED F VALUE
SOURCE
Cure Temperature . 00006 1 .00006 1.5
Cure Time .0003 5 2 .00018 4.5
Error .00062 14 .00004
Total .00103 17
ANOVA - S
c
SOURCE
Cure Temperature .00014 1 .00014 38.9
Cure Time .00018 2 .00009 25.0
Error .00005 14 .000004
Total .00037
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FIGURE 2'5: AVERAGE SPEED RESPONSE, S. , FOR EXPERIMENT 2b
78
CM
__i
ICO
LU
_D
<! 4
>
Q
UJ
LU
D_
CO
UJ
CD 2
<
D_
Ul
>
<
4000 rpm, 3.5:1
Dilution
3 000 rpm, 3.5:1
Dilution
4000 rpm, 4:1
Dilution
3000 rpm, 4:1
Dilution
LIMITS ARE
APPROXIMATELY + 1
SO 60
DEVELOPMENT TIME
120 seconds
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FIGURE 27: AVERAGE SPEED RESPONSE, 5 FOR EXPERIMENT 5
